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Upon treatment with denaturing agents, vitronectin
has been observed to exhibit conformational alterations
which are similar to the structural changes detected
when vitronectin binds the thrombin-antithrombin complex or associates with the terminal attack complex of
complement. Denaturation and renaturation of vitronectin isolated from human plasma were characterized by
changes in intrinsic fluorescence. Unfolding by chemical
denaturants was irreversible and accompanied by selfassociation of the protein to form vitronectin multimers.
Self-association was evaluated by equilibrium analytical
ultracentrifugation which demonstrated that multimers
form only during the refolding process after removal of
denaturant, that multimeric vitronectin dissociates to
constituent subunits readily upon treatment with chemical denaturant, and that intermolecular disulfide crosslinking occurs primarily at the dimer level among a subset of constituent vitronectin subunits within the
multimer. The monomeric form of vitronectin isolated
from human plasma partially unfolds at intermediate
concentrations of denaturant to an altered conformation
with a high propensity to associate into multimers. Folding of vitronectin in vivo appears to be regulated by partitioning of folding intermediates toward either of two
conformations, one that exists as a stable monomer and
another that associates into a multimeric form.

Vitronectin is a plasma glycoprotein that is implicated as a
regulator of diverse physiological processes, including blood
coagulation, fibrinolysis, pericellular proteolysis, complementdependent immune responses, and cell attachment and spreading (for reviews, see Refs. 1–5). The broad range in activities of
vitronectin stems from its interaction with a wide variety of
macromolecules, including zymogens, serpins, serpin-protease
complexes, components of the membrane attack complex of
complement, and mucopolysaccharides.
Quantification and detailed characterization of macromolecular ligand binding activities of vitronectin has been complicated by the fact that different molecular species of vitronectin
are recovered from different purification protocols. The protein
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was first isolated by traditional biochemical approaches as
S-protein, a species which associates with the terminal attack
complex of complement and renders the complex soluble and
unable to insert into target cell membranes (6, 7). This form of
the protein has a molecular weight of approximately 72,000
and exists predominantly as a monomer. Higher yields of
vitronectin were achieved using an alternative strategy for
purification in which the protein is chemically denatured and
isolated by affinity chromatography on a heparin column (8).
The observation that vitronectin from denatured plasma bound
to the heparin column, whereas binding of vitronectin from
untreated, whole plasma was minimal, led to a model in which
the heparin-binding site in vitronectin is cryptic in the native
protein (9, 10). After quite some time it was realized that the
heparin affinity-based purification of vitronectin yielded a high
molecular weight form of the protein comprised of multiple
vitronectin subunits (11, 12).
Chemical denaturation of vitronectin (13, 14), as well as
macromolecular association with the thrombin-antithrombin
III (13, 14) or the complement C5b-9 complex (12, 15), has been
associated with a conformational transition of vitronectin to an
altered form which is detected using monoclonal antibodies.
Differences in functional reactivity of native and altered forms
of vitronectin were initially demonstrated by changes in heparin-binding properties (13), and differences between the conformers have since been observed in interactions with plasminogen activator inhibitor type 1 (16 –18), collagen (19), urokinase
receptor (20), b-endorphin (15), and whole cells (21). Furthermore, different forms of vitronectin exhibit different efficiencies for incorporation into the extracellular matrix (22, 23).
Indeed, immunological evidence suggests that this altered form
of vitronectin, only detected in plasma in minor amounts, may
be the predominant form of the protein found in extravascular
sites (24).
Recently, attention has turned to structural characterization
of the native and conformationally altered forms of vitronectin
and the mechanism for conversion of the protein between alternative conformations. Initial demonstrations of altered immunoreactivity and heparin-binding properties were extended
by Stockmann et al. (25), who demonstrated the propensity of
vitronectin to self-associate into multimers upon treatment
with chaotropes, detergents, extreme pH, or heat. Conformation-specific monoclonal antibodies were used extensively by
these authors to demonstrate that structural alterations generally precede formation of the multimeric species with altered
heparin binding. However, immunoreactivity varied according
to individual epitopes recognized by monoclonal antibodies, as
well as according to the stimulus used to induce self-association. A similar analysis of reactivity of native and heat-denatured vitronectin with a separate panel of monoclonal antibod-
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ies also indicated structural alterations which are not limited
to the heparin-binding region of the protein (26). Bittorf et al.
(11) demonstrated an apparently irreversible conversion of
vitronectin from a monomeric species to the oligomeric form to
depend on the concentration of denaturant, with a transition in
the range between 2 and 4 M urea. These in vitro studies point
to the likelihood that conformationally altered forms of
vitronectin found in vivo are also multimeric in nature.
A detailed analysis of the unfolding of vitronectin and refolding to a multimeric form is presented in this study, along with
an evaluation of potential models for the mechanism of selfassociation of the protein in an accompanying report (27). Spectroscopic and hydrodynamic methods are used to evaluate
structural changes which characterize unfolding and refolding
of vitronectin. Particular attention is paid to the following
questions. Is unfolding/refolding of native or multimeric
vitronectin reversible? How do the different conformational
forms of vitronectin differ according to secondary and tertiary
structure? Do chemical denaturation and heat treatment of
vitronectin yield the same conformer upon renaturation? To
what extent is multimeric vitronectin stabilized by covalent
intermolecular linkages?

constant, T is absolute temperature, and base is a term for non-sedimenting baseline absorbance. Solvent density, r, was estimated to be
1.018 for the buffer, and the density of guanidine or urea solutions was
calculated according to Kawahara and Tanford (29). For the analysis of
samples containing multiple sedimenting species, e.g. monomer, dimer,
etc., the concentration distribution can be written as the sum of the
distributions for the individual species, i, as:
cr 5

O

cm,i exp~si! 1 base

Data were analyzed using nonlinear least squares methods, as described by Brooks et al. (30, 31), using IGOR (Wavemetrics, Lake
Oswego, OR) on a Macintosh computer.
Sedimentation velocity data were likewise analyzed using the IGOR
software package. After reaching full centrifugation speed of 60,000
rpm, data sets were collected at 4 – 8-min intervals, with at least 10 data
sets collected per run. The sedimentation coefficient, s20,w, was determined from the slope of a plot of ln rm versus v2t.
Spectroscopic Analysis of Chemical Denaturation of Vitronectin—
Unfolding of vitronectin was induced by GdnHCl or urea and monitored
by changes in intrinsic protein fluorescence. Protein fluorescence measurements were made on a Perkin-Elmer LS-50B spectrofluorimeter.
Emission spectra were recorded between 300 and 450 nm using an
excitation wavelength of 290 nm and a pathlength of 1 cm. Changes in
emission spectra were quantified as the average emission wavelength,
which was calculated according to the following expression:

EXPERIMENTAL PROCEDURES

Materials—Vitronectin was purified by a modification of the original
procedure of Dahlback and Podack (7), essentially as described by
Bittorf et al. (11). Purity was assessed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis in the presence of b-mercaptoethanol (28). The molecular weight of the protein was determined to be
72,000 by equilibrium analytical ultracentrifugation (described below),
and an extinction coefficient of 1.02 mlzmg21zcm21 was explicitly determined from the amino acid composition derived from a total amino acid
hydrolysis on a protein sample of known absorbance. Multimeric
vitronectin was prepared by treatment of protein in 8 M urea at room
temperature for 2 h, with subsequent removal of denaturant by dialysis
into standard phosphate buffer (0.1 M sodium phosphate, pH 7.5, containing 0.15 M NaCl, and 1 mM EDTA). Similar methods were used by
both Stockmann et al. (25) and Bittorf et al. (11) to prepare the multimeric form of vitronectin. Heat-denatured vitronectin was prepared
by incubating the protein in standard phosphate buffer at 55 °C for 2 h
and subsequent cooling on ice (25, 26). Ultrapure guanidine hydrochloride was purchased from Life Technologies, Inc. Urea was a product of
ICN biomedical. All other chemicals were of reagent grade quality.
HPLC1 Analysis—Native and multimeric proteins were analyzed in
standard phosphate buffer by HPLC using a Beckman ultraspherogel
SEC2000 column (7.5 mm x 30 cm). Elution of protein from the column
was monitored by absorbance at 280 nm. Retention times characteristic
of native and multimeric vitronectin were 6.8 6 0.1 and 5.6 6 0.1 min,
respectively.
Analytical Ultracentrifugation—Equilibrium sedimentation and sedimentation velocity measurements were performed with a Beckman
XL-A analytical ultracentrifuge (Beckman Instruments, Spinco Division). Sedimentation equilibrium experiments were performed at approximately 20 °C using protein concentrations in the range of 0.1 to 0.3
mgzml21 in standard phosphate buffer or urea or GdnHCl in the same
buffer. Data were collected after equilibrium had been established,
generally after 18 –24 h, using a rotor speed of 10,000 to 15,000 rpm for
experiments on protein in buffer, or 48 –72 h, with a rotor speed of
15,000 to 20,000 rpm, for experiments on protein in urea or GdnHCl.
The distribution of a single, homogeneous species within the ultracentrifuge cell at equilibrium is given by the equations:
cr 5 cmexp~s! 1 base

(Eq. 1)

s 5 M~1 2 n# r!v ~r 2 rm !/2RT

(Eq. 2)

2

2

2

in which cr and cm are the concentrations of the protein at radial
position, r, and at a reference position, rm (i.e. the meniscus), respectively. M is the protein molecular weight, n# is the partial specific
volume, equal to 0.73 mlzg21, v is the angular velocity, R is the gas
1
The abbreviations used are: HPLC, high performance liquid chromatography; GdnHCl, guanidine hydrochloride; PAGE, polyacrylamide
gel electrophoresis.

(Eq. 3)

l# 5

O
O

liIi
Ii

(Eq. 4)

where li and Ii are the emission wavelength and its corresponding
fluorescence intensity at that wavelength (32). To facilitate comparison
between different experiments, the average emission wavelength at any
denaturant concentration is converted to Fapp, the fraction of unfolded
protein, by the equation Fapp 5 (lobs 2 lF)/(lU 2 lF) in which lF and lU
are the average emission wavelengths associated with folded and unfolded proteins, respectively. Buffer used for the unfolding and refolding
experiments was standard phosphate buffer containing 0.04% Tween
20. GdnHCl and urea concentrations were calculated using equations
relating refractive indexes to concentrations (33), and refractive indexes were measured using a Zeiss refractometer. Urea solutions were
made fresh daily.
Quenching of tryptophan fluorescence was performed by addition of
sodium iodide as described by Lakowicz (34). Sodium iodide was dissolved in standard phosphate buffer to a final concentration of 5 M, and
aliquots were added to solutions of vitronectin (0.1 mM) in standard
phosphate buffer or 7 M GdnHCl. The excitation wavelength was 290
nm, and emission was measured at the maximum wavelength observed
in the emission spectra, 340, 351, and 350 nm, for native, multimeric, or
fully denatured protein, respectively.
Circular dichroism measurements were made on a Jasco Model J710
Spectrapolarimeter at 22 °C using a cell with a pathlength of 0.02 cm.
The average of four accumulations is reported, using a 1-nm band
width, 1-nm step resolution, 50 nmzmin21 scan rate, and 2-s response
time. Instrument sensitivity was set at 20 millidegrees. Protein concentration was 0.95 mgzml21 in 0.1 M sodium phosphate, pH 7.5, containing
0.15 M NaCl. Spectra were collected for protein in buffer and protein in
buffer plus 6.5 M GdnHCl under the same conditions. A mean residue
molecular weight of 113.8 was used.
RESULTS

Unfolding of Vitronectin Can be Monitored by Changes in
Secondary or Tertiary Structure—Studies of protein folding
generally rely on one or more probes of structure and function,
monitoring changes in those parameters as denaturation conditions are varied. In order to more fully characterize the
unfolding transition of vitronectin, spectroscopic methods were
evaluated to reliably monitor structural alterations which accompany the unfolding transition for this particular protein.
Fig. 1 shows far UV circular dichroism spectra for vitronectin
under native and highly denaturing (6.5 M GdnHCl) conditions.
The spectrum for the native protein, which has been reported
by Pitt et al. (35), exhibits a gradual slope from approximately
230 nm, with a trough near 205 nm. This spectrum is characteristic of a protein with predominant b-sheet and random fold
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FIG. 1. Near-UV circular dichroism spectra for native and denatured vitronectin. Vitronectin was diluted to a concentration of
0.95 mgzml21 in 0.1 M sodium phosphate buffer, pH 7.5, containing 0.15
M NaCl (solid curve) or approximately 6.5 M GdnHCl in the same buffer
(dashed curve). Spectra were recorded on samples in a circular quartz
cell with a 0.02-cm pathlength. The spectra shown have been corrected
for any ellipticity measured on buffer or denaturant alone. The spectrum in GdnHCl is shown only for wavelengths at which the high
voltage on the photomultiplier tube was less than 500 volts.

character, with little a-helical content.2 The spectrum for denatured vitronectin exhibits loss of negative ellipticity in the
215–230 nm region, with a concomitant increase in negative
ellipticity in the vicinity of the 205-nm trough. Spectra could
not be accurately measured below 207 nm on protein samples
in denaturant solutions due to absorption of guanidine.
Intrinsic fluorescence of vitronectin was also perturbed upon
chemical denaturation (Fig. 2). Denaturation of vitronectin is
associated with an increase in quantum yield, along with a red
shift in emission maximum, expected upon exposure of buried
tryptophan residues to a more hydrophilic environment upon
unfolding. Changes observed in both circular dichroism and
fluorescence indicate loss of secondary and tertiary structure
upon chemical denaturation. Since accurate measurements
cannot be obtained by CD due to absorption by the denaturant
in the region where ellipticity changes appear to be the greatest, detailed characterization of the unfolding transition of
vitronectin was pursued exclusively using the fluorescence
method.
Denaturation of Vitronectin by Chemical Treatment Is not
Accompanied by Aggregation—Changes in fluorescence emission maxima for vitronectin were monitored as a function of
chemical denaturant using either GdnHCl (Fig. 3A) or urea
(Fig. 3B). Unfolding of vitronectin in GdnHCl occurs at a lower
concentration of denaturant than in urea, with midpoints of 3.2
M and 5.9 M denaturant, respectively. The unfolding transition
of vitronectin occurs over a narrow concentration range in
GdnHCl, compared to the more gradual denaturation observed
over the broad range from 3 to 9 M urea. The unfolding curves
in either chemical denaturant are indistinguishable for
vitronectin concentrations varied over a 10-fold range (Fig. 3),
indicating that there are no association or dissociation phenomena which accompany unfolding of the protein. Table I lists the
midpoints for denaturation of vitronectin measured for both
denaturants using different protein concentrations.
The aggregation state of vitronectin in the presence and
absence of chemical denaturants was evaluated by sedimentation equilibrium in an analytical ultracentrifuge. This tech2
The CD spectrum for the multimeric form of vitronectin does not
differ substantially in overall shape from that recorded for the native,
monomeric protein.
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FIG. 2. Fluorescence emission spectra for native and denatured vitronectin. Vitronectin was diluted to a concentration of 0.5
mM in 0.1 M sodium phosphate buffer, pH 7.5, containing 0.15 M NaCl,
1 mM EDTA, and 0.04% Tween 20 (solid line) or 7 M GdnHCl in the same
buffer (dashed line). Excitation was at 290 nm, and spectra were recorded 16 h following addition of the protein to buffer or denaturant.

FIG. 3. Unfolding curves for vitronectin measured by changes
in intrinsic fluorescence. Unfolding of purified native vitronectin in
GdnHCl (panel A) or urea (panel B) was monitored by average tryptophan emission wavelength, as described under “Experimental Procedures.” Following overnight incubation of vitronectin at each concentration of denaturant in buffer, emission spectra were recorded from
300 to 450 nm using an excitation wavelength of 290 nm. In both
panels, data for 0.5 mM vitronectin are described by ●, and data for 5 mM
vitronectin by D. Data are expressed as Fapp, the apparent fraction
unfolded, by normalization of individual readings to lF and lU as given
in Table I.

nique is considered to be the most reliable for determining
molecular weight and is ideally suited for examining association and dissociation phenomena. Fig. 4A shows a representative data set with a diagnostic distribution of native protein at
equilibrium from the meniscus, which is depleted of protein, to
the bottom of the centrifugation cell, which contains a high
concentration of protein. The smooth curve represents a fit to a
single species, which yielded a molecular weight of 73,800 for
this data set, and residuals shown in Fig. 4B. The homogeneity

14326

Unfolding and Refolding of Vitronectin

TABLE I
Behavior of native and multimeric vitronectin in chemical
denaturation/renaturation experiments
Vitronectin samplea

Denaturant Midpoint (M)

lFb

lUb

Unfolding conditions
0.5 mM native
5.0 mM native
0.5 mM native
5.0 mM native
0.5 mM multimer
5.0 mM multimer
0.5 mM heat-treated

GdnHCl
GdnHCl
Urea
Urea
GdnHCl
GdnHCl
GdnHCl

3.2
3.2
5.9
5.9
2.2
2.1
2.6

349.7
349.7
350.0
350.6
352.2
351.8
351.9

363.8
363.9
360.2
360.4
360.0
360.4
361.9

Refolding conditionsc
0.5 mM native
0.5 mM native
0.5 mM multimer
0.5 mM heat-treated

GdnHCl
Urea
GdnHCl
GdnHCl

2.1
4.8
2.1
2.6

352.1
353.2
352.7
352.1

360.7
361.1
360.1
362.3

a
Samples are labeled according to the state of the starting material
for the experiment as: native, corresponding to the untreated monomeric protein; multimeric, corresponding to the chemically denatured
then renatured form of the protein; and heat treated, corresponding to
the protein heated to 55 °C as described under “Experimental Procedures.”
b
The intensity averaged wavelength corresponding to folded, F, or
unfolded, U, protein. Error limits on these measurements are 6 0.2 nm.
c
For refolding experiments, protein was initially denatured in either
7 M GdnHCl or 9 M urea, as designated, for 16 h. The vitronectin sample
types listed thus correspond to the starting material which was initially
denatured prior to the refolding experiment.

of the sample is noteworthy, with no evidence for even small
amounts of multimeric vitronectin in the preparation.
Data from a representative equilibrium centrifugation experiment on vitronectin unfolded in a high concentration of
GdnHCl is shown in Fig. 4C, again with a smooth curve
through the data representing a fit to a single species of molecular weight 70,900 and the residuals of the fit shown in Fig.
4D. Clearly, there is no association of vitronectin to form multimers in the presence of GdnHCl, as not even a small amount
of high molecular weight protein is detected by this method.
Sedimentation velocity experiments at 60,000 rpm were used
to verify this conclusion; at these high centrifugation speeds,
there were no faster sedimenting species and the unfolded
monomer was observed as the only form of vitronectin present
(data not shown). Table II summarizes results from equilibrium sedimentation analysis of vitronectin, using a variety of
experimental conditions.
Chemical Denaturation of Vitronectin Is Not Readily Reversible—Early in the work evaluating chemical denaturation of
vitronectin, it was observed that unfolding of the protein occurs
on an extremely slow time scale. Precautions were observed to
establish that equilibrium had been reached in the denaturation process since one of the original goals for this study was
to evaluate the thermodynamics of unfolding of vitronectin.
The kinetics of unfolding of vitronectin at two different concentrations of denaturant are shown in Fig. 5. As expected, the
slowest rate of unfolding is observed at denaturant concentrations close to the midpoint in the unfolding curve. Unfolding is
complete only after chemical treatment for many hours, with
small changes in fluorescence at 3 M GdnHCl observed even up
to 24-h incubation times. Extremely slow unfolding has been
observed with other proteins and has in some cases confused
interpretation of energetics of unfolding (36, 37).
For this reason, equilibrium unfolding of vitronectin was
explicitly tested by evaluating the reversibility of the chemically-induced unfolding reaction. Refolding of vitronectin was
measured by first treating the protein with high concentrations
of chemical denaturant for 16 h and then allowing refolding to
proceed in varying mixtures of denaturant and buffer for long
time periods. The refolding behavior exhibited by vitronectin

treated with GdnHCl and urea is plotted, along with the unfolding curves measured in both chemical denaturants, in Fig.
6. Hysteresis in refolding versus unfolding curves is observed
with both types of denaturants, with the most pronounced
differences exhibited for GdnHCl treatment.3 The non-identical nature of the unfolding and refolding curves for vitronectin
indicates either that unfolding and refolding proceed by different pathways, or that the starting and ending protein species
are chemically distinct. Table I summarizes the results from
the unfolding and refolding studies performed on vitronectin
with both GdnHCl and urea, including the midpoints for the
denaturation curves and the intensity-averaged emission
wavelengths for the folded and unfolded proteins, lF and lU,
respectively.
Refolding of Vitronectin Is Accompanied by Self-association
into Multimers—Recent reports have indicated that vitronectin has a tendency to self-associate in a concentration-dependent manner following chemical or heat denaturation.
Therefore, an obvious possibility which would account for
hysteresis in unfolding and refolding is that the protein refolds in a manner that promotes oligomerization. Chemically
denatured and subsequently renatured vitronectin was analyzed according to size by the sedimentation equilibrium
method, and the results are shown in Fig. 7A. An average
molecular weight of approximately 420,000 can be derived for
renatured vitronectin, although the data cannot be fit to a
single species. This result corroborates independent work
from the laboratories of Preissner (25) and Mosher (11) which
indicates that vitronectin multimers may range in size from
multiples of 3 to 16 monomers. This molecular weight is
somewhat lower than that for multimeric vitronectin estimated previously by either Bittorf et al. (11) or Stockmann et
al. (25). However, the molecular weight of 790,000 given for
the multimer by Bittorf and co-workers was calculated for a
multimer isolated directly from plasma using denaturing
conditions modified from the original protocol of Yatohgo (8),
and these authors indicate that they generate a multimer of
somewhat lower molecular weight when vitronectin is first
isolated from plasma in a native form and then denatured.
Sedimentation velocity experiments on multimeric vitronectin yielded a broad sedimenting boundary corresponding to a
sedimentation coefficient of 11 S, compared to a sedimentation coefficient of 4.1 S for native vitronectin (Table II).
Denaturation of multimeric vitronectin using GdnHCl resulted in a strikingly different unfolding curve compared to
that observed for native, monomeric protein (Fig. 8), indicating
the multimeric species is less resistant to chemical denaturation. Multimeric vitronectin unfolds with a midpoint of 2.1 M
GdnHCl, while native protein has a midpoint of 3.2 M GdnHCl.
Moreover, unfolding and refolding curves for the multimeric
form of the protein are superimposable (Fig. 8), indicating
reversibility of chemical denaturation of this protein. The denaturation/renaturation curves are indistinguishable from the
refolding behavior exhibited subsequent to denaturation of native vitronectin (Fig. 6), which was noted above by its hysteretic
relationship to unfolding of monomeric protein. Similar behavior is observed upon denaturation of the protein with urea.
Note that values for lF and lU are the same for unfolding and
refolding for the multimer, as would be expected for a reversible reaction (Table I). Also, the kinetics of unfolding of mul-

3
Indeed, the marked dissimilarity observed between unfolding and
refolding of vitronectin in GdnHCl spurred our re-evaluation of earlier
data in urea (40), in which the observed differences were not as obvious,
and supported the interpretation that observed variations represent
true differences in unfolding and refolding patterns rather than imprecision in measurements.
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FIG. 4. Equilibrium analytical centrifugation on the vitronectin monomer using native or denaturing conditions. Panel A shows the
radial distribution of absorbance in the centrifuge cell at equilibrium at 15,000 rpm for native vitronectin at a concentration of 0.3 mgzml21 in 0.1
M sodium phosphate, pH 7.5, 0.15 M NaCl. Individual absorbance readings are shown by closed squares, with a solid line through the data
representing the fit to a single species of molecular weight equal to 73,800. The residuals for the fit are shown in panel B. Panel C shows the
distribution of absorbance in the cell after reaching equilibrium with a centrifugation speed of 20,000 rpm for native vitronectin (0.22 mgzml21 )
unfolded in 6.53 M GdnHCl. Absorbance data points are shown in solid squares and the smooth curve through the data represents the best fit to
a single species model, yielding a molecular weight of 70,900. Residuals for the fit are shown in panel D.
TABLE II
Molecular weight determinations for vitronectin samples under native and denaturing conditions
a

Vitronectin sample

Solvent

Sedimentation velocity
experiments, s20,w

Native
Native
Native
Native
Native
Native
Native
Multimer
Multimer

PBSb
Bufferc
8.76 M Urea
8.02 M Urea
7.08 M GdnHCl
6.53 M GdnHCl
5.98 M GdnHCl
Bufferc
6.0 M GdnHCl

4.1 S

Heat-treated

Bufferc

22 S

11 S

Sedimentation equilibrium
experiments
Mr

Average
Mr

72,400
73,100
73,800
77,300
73,700
70,100
71,300
70,900
70,600
69,700
;420,000
;70% Monomer, Mr 5 72,000
;30% Disulfide-linked species

a

Samples are labeled according to the state of the starting material for the experiment as: native, corresponding to the untreated monomeric
protein; multimeric, corresponding to the chemically denatured then renatured form of the protein; and heat treated, corresponding to the protein
heated to 55 °C as described under “Experimental Procedures.”
b
Phosphate-buffered saline (40 mM sodium phosphate, pH 7.4, containing 0.15 M NaCl).
c
Unless otherwise noted, buffer is standard phosphate buffer.

timeric vitronectin are more rapid than observed with native
protein, as shown in the inset to Fig. 8. These observations
indicate that, following denaturation of native, monomeric
vitronectin, the protein refolds and assumes an altered tertiary
structure with less stability to chemical denaturants.
The tertiary structure of vitronectin was assessed by measuring the susceptibility of different forms of the protein to
quenching of intrinsic fluorescence with iodide. Stern-Volmer
plots of quenching behavior observed for native protein, fully
denatured vitronectin in 7 M GdnHCl, and renatured, multimeric vitronectin are shown in Fig. 9. Not surprisingly, the fully
unfolded protein is more susceptible to chemical quenching,
with the tryptophan fluorophores more highly exposed to solvent in a non-native structure. Iodide quenching observed for
the native protein corresponds to an average of 70% exposure of
tryptophans to solvent, whereas the quenching curve measured

for vitronectin in the presence of 7 M GdnHCl corresponds to
essentially 100% exposure (20). Refolded, multimeric vitronectin exhibits quenching behavior which is intermediate between
that observed for native, monomeric protein and the fully denatured form of the protein. Tryptophans in the multimeric
protein are obviously in different environments upon refolding
and self-association, with a much higher susceptibility to
quenching compared to tryptophans in native vitronectin, supporting the contention that a different tertiary fold has been
assumed upon renaturation.
Multimeric Vitronectin Dissociates into Subunits Prior to
Unfolding of Polypeptide Chains upon Chemical Denaturation—As already discussed (Fig. 7A), equilibrium analytical
ultracentrifugation of multimeric vitronectin gave no evidence
of dissociation to monomeric forms in buffer, indicating that
the native and multimeric forms of the protein are not in

14328

Unfolding and Refolding of Vitronectin

FIG. 5. Kinetics of unfolding of vitronectin in GdnHCl. Unfolding of vitronectin was monitored at various time points by the intensityaveraged tryptophan emission wavelength. Data are shown for a concentration of 3 M GdnHCl (i.e. the midpoint in the denaturation curve
shown in Fig. 3) with the solid circles and for a concentration of 4 M
GdnHCl with the solid triangles. Data are expressed as Fapp, the apparent fraction unfolded, by normalization of individual readings to lF
and lU as given in Table I.

equilibrium. Interconversion between multimeric and monomeric forms was also not observed in analytical gel filtration
HPLC experiments in which the multimeric protein exhibited
no tendency to dissociate in buffer, even after incubation at
room temperature for greater than 24 h. Furthermore, size
exclusion chromatography on mixtures of native and multimeric protein in defined ratios resulted in elution of well separated peaks corresponding to multimeric and monomeric protein, with peak areas proportional to starting amounts of each
protein species.
However, the average molecular weight of multimeric
vitronectin decreases upon treatment with high concentrations
of GdnHCl or urea, corresponding to dissociation of multimers
into constituent monomers. Dissociation of the multimer upon
chemical denaturation was demonstrated by equilibrium analytical ultracentrifugation, with a sample data set shown in
Fig. 7B and results summarized in Table II. Adequate fitting of
the ultracentrifugation data was achieved only by considering
a mixture of species which corresponds to monomers of average
molecular weight near 72,000, along with a component of disulfide cross-linked species. Fitting of the data in 6.5 M GdnHCl
to this model, along with deconvolution into contributions from
the two molecular species, is shown in Fig. 7B. The dimer
component was disrupted by treatment of the protein mixture
with high concentrations of reducing agent (10 mM dithiothreitol), and a single species of molecular weight equal to the
monomer was observed in 6.5 M GdnHCl under those conditions. Some analyses on denatured multimer also indicate a
variable contribution from disulfide cross-linked species of
higher order than dimers, although adequate fits of the data do
not consistently require their inclusion. Previous work has
demonstrated that denaturation of vitronectin is accompanied
by disulfide rearrangement (13, 14) and some stabilization of
multimers by disulfide cross-links has been proposed (11, 25).
Evaluation of the ultracentrifugation results definitively demonstrates that the multimeric species is not uniformly stabilized by these covalent intermolecular cross-links, as the majority of multimeric species dissociate into monomers upon
denaturation.
In spite of the clear demonstration that multimeric vitronectin dissociates into constituent monomers (and a disulfide

FIG. 6. Hysteresis in unfolding and refolding curves for
vitronectin. The extent of unfolding (●) and refolding (D) of 0.5 mM
vitronectin was monitored by intensity-averaged emission wavelength
using GdnHCl (panel A) or urea (panel B) as the denaturant. Data are
expressed as Fapp, the apparent fraction unfolded, by normalization of
individual readings to lF and lU as given in Table I to facilitate comparison between unfolding and refolding data. For refolding data, proteins were initially denatured overnight in 7 M GdnHCl (panel A) or 9 M
urea (panel B), and then refolding was achieved by diluting out denaturant with buffer at intermediate concentrations up to a 10-fold dilution and incubating for 16 h. Refolding in GdnHCl (panel A) was not
measured below 0.7 M GdnHCl, but the lF was determined following
dialysis to remove all denaturant. The value for lF given in Table I at
0.0 M denaturant is the same as the value measured in 0.7 M GdnHCl.

cross-linked component) upon denaturation, varying protein
concentration over a 10-fold range does not affect GdnHCl
unfolding curves (Fig. 8). In cases in which dissociation accompanies unfolding, theory would predict that there should be a
strong concentration dependence in unfolding curves due to the
change in the molecularity of the folded and unfolded species,
and experiments have substantiated this prediction in many
systems (see Ref. 38 and references therein). Lack of protein
concentration dependence in the unfolding of multimeric
vitronectin upon chemical denaturation is therefore surprising.
Analytical ultracentrifugation was used to evaluate dissociation of the multimer at various denaturant concentrations in
order to determine whether dissociation precedes unfolding, or
whether it occurs concomitantly with unfolding of constituent
polypeptide chains. Fig. 10 shows a comparison of dissociation
of multimeric vitronectin and the unfolding curve observed
with fluorescence at concentrations of GdnHCl between 0 and 7
M GdnHCl. There is a striking difference between the two
relationships which indicates that multimeric vitronectin dissociates at low concentrations of denaturant, prior to unfolding
of constituent polypeptide chains. There appears to be little
contribution to observed changes in fluorescence upon denatur-
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FIG. 8. Equilibrium unfolding and refolding of multimeric
vitronectin. Unfolding of multimeric vitronectin at a concentration of
0.035 mgzml21 (E) or 0.35 mgzml21 (M) in GdnHCl was monitored by
fluorescence as the intensity-averaged emission wavelength. Data are
also shown for refolding of 0.035 mgzml21 multimeric vitronectin (å)
after unfolding for 16 h in 7 M GdnHCl. The inset shows the kinetics of
unfolding using a concentration of 2.6 M GdnHCl, which corresponds to
the midpoint in the unfolding/refolding curves. Data on the y axis are all
expressed as Fapp, the apparent fraction unfolded, by normalization of
individual readings to lF and lU as given in Table I.
FIG. 7. Equilibrium analytical ultracentrifugation on multimeric vitronectin under native and denaturing conditions. Panel
A shows the distribution of absorbance along the centrifugation axis
within the ultracentrifuge cell at equilibrium at 10,000 rpm for the
multimeric form of vitronectin at a concentration of 0.1 mgzml21 in 0.1
M sodium phosphate, pH 7.5, containing 0.15 M NaCl. Panel B shows the
distribution of absorbance at equilibrium at 20,000 rpm for multimeric
vitronectin in 6.5 M GdnHCl. Data points are shown in the solid
squares, and the smooth curve through the data represents a fit to a
model assuming a mixture of monomers and dimers, with a monomer
molecular weight of 72,000. Deconvolution of the individual contributions of monomer and dimer are shown by the solid lines denoted m and
d, respectively. The residuals of the fit to the two-species model are
shown in panel C.

ation that can be attributed to dissociation alone. Thus, the
lack of protein concentration dependence for unfolding of multimeric vitronectin monitored by fluorescence is attributed to
the fact that dissociation occurs prior to any substantial
unfolding.
Heat-denatured and Chemically Denatured Vitronectin Are
Not Structurally Identical—Denaturation of vitronectin has
been pursued by different research groups using different
methods, most commonly by treatment with either heat or
chaotropic agents, to produce functionally and structurally altered protein. From characterization of alterations in mobility
on native and non-reducing SDS gels, comparison of ligand
binding properties, and reactivity with a limited number of
monoclonal antibodies, it has been tentatively assumed by
some that the altered forms of vitronectin produced by thermal
and chemical denaturation are similar in function. The biophysical analyses developed for characterization of chemical
denaturation of vitronectin offered the possibility of comparing
molecular size, fluorescent properties, and stability of the renatured proteins that were unfolded thermally or with chaotropes. Sedimentation velocity measurements demonstrated a
larger average size of vitronectin multimers generated by heat
denaturation compared to those produced by chemical denaturation, with heat-treated multimers sedimenting at 22 S versus
11 S, as observed for vitronectin renatured following denaturing with urea (Table II). In a comparison of many different

FIG. 9. Stern-Volmer plot for iodide quenching of various
folded forms of vitronectin. Data are shown for the native monomer
(D) in buffer, fully denatured monomer (f) in 7 M GdnHCl, multimeric
vitronectin (●) in buffer, and heat-treated vitronectin (E) in buffer.

denaturing conditions in effecting self-association of vitronectin, Stockmann et al. (25) noted that elevated temperatures
produce multimeric species with higher molecular weights apparent from their decreased permeability into polyacrylamide
gels.
Multimeric forms of vitronectin generated by thermal and
chemical denaturation were compared in terms of their stability toward GdnHCl-induced unfolding. Fig. 11 shows unfolding
curves monitored by changes in intrinsic protein fluorescence
for both forms of multimeric vitronectin, along with the unfolding curve characteristic of native, monomeric protein for reference. Differences between unfolding of the two multimeric
forms are observed in the midpoints in the denaturation curves
and from the different shapes of the two unfolding curves, with
the heat-treated protein exhibiting a sharper transition than
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FIG. 10. Dissociation and unfolding of multimeric vitronectin
by GdnHCl. The average molecular weight of the vitronectin sample
(shown by the solid squares) was calculated from equilibrium analytical
sedimentation runs at various concentrations of GdnHCl. Unfolding of
the multimer (shown in the solid circles) was followed by fluorescence
calculated as the intensity-averaged emission wavelength. Unfolding is
expressed as 1 2 Fapp, i.e. the fraction folded, versus denaturant concentration. Fapp is calculated by normalization of individual readings to
lF and lU as given in Table I. Smooth lines through the data are for
presentation purposes only and do not represent fits to a particular
model.

FIG. 11. Unfolding curves compared for native, multimeric,
and heat-denatured vitronectin. Fluorescence emission data were
recorded at varying GdnHCl concentrations for 0.035 mgzml21 native
(D), multimeric (f), or heat-denatured (●) vitronectin. Unfolding was
monitored by changes in the intensity-averaged emission wavelength
and is normalized to Fapp, the fraction unfolded, at a given denaturant
concentration to facilitate comparison of the three data sets. Fapp is
calculated by normalization of individual readings to lF and lU as given
in Table I. Smooth lines through the data are for presentation purposes
only and do not represent fits to a particular model.

the gradual unfolding over a broad range in denaturant exhibited by the chemically-induced multimer. Since the multimeric
form of vitronectin dissociates at relatively low concentrations
of denaturant into its constituent subunits, the unfolding
curves are thought to primarily characterize unfolding of the
monomeric subunits within the multimer. Observed differences
in the unfolding curves thus presumably reflect altered folding
and stability of the component protein chains. Clearly, the
differences in size, fluorescent properties, and sensitivity to
chemical denaturants demonstrate that the heat-treated multimer is not folded identically to the multimeric form of
vitronectin generated by chemical denaturation and subsequent renaturation. These differences should be considered by
other investigators comparing functional properties of native
and multimeric vitronectins. Indeed, it is not clear at this point
whether the heat-treated or chemically-treated form of
vitronectin represents a better model for multivalent vitronectin species which apparently exist in vivo.

Attention has been paid to evaluating the effects of urea on
the structure and function of vitronectin since it was noted that
reactivity with a conformation-specific monoclonal antibody
(8E6, see Refs. 13 and 14) was increased by urea treatment in
a manner reminiscent of conformational changes that are induced in vitronectin by interactions with more physiologically
relevant molecules, including the thrombin-antithrombin complex and the C5b-9 complex. The purpose of this study was to
evaluate in vitro effects of denaturation on the overall fold of
vitronectin in order to understand the conformational lability
that the protein appears to exhibit in vivo. For this reason, the
investigation was initiated using some of the strategies which
have proven useful to the general field of protein folding as it
has emerged over the last 30 years. A first approach was to
determine whether chemical denaturants could be used to unfold and subsequently refold vitronectin in a reversible fashion
so that some insight could be gained into the intrinsic stability
and energetic differences between different conformational
forms.
Unfolding of vitronectin was most readily monitored over a
wide range of denaturant concentrations by using the 9 tryptophans within the protein as intrinsic fluorescent probes, sensitive to the protein environment in a variety of different vicinities within the global fold. Upon denaturation, the
fluorescence of the protein increased, indicating that tryptophans are quenched in their native environments within the
tertiary structure of vitronectin. By monitoring changes in the
fluorescence of the protein, highly reproducible unfolding
curves were observed for vitronectin treated with varying concentrations of either GdnHCl or urea. Bittorf et al. (11) evaluated changes in several properties of vitronectin following
treatment with urea. Alterations of immunoreactivity with antibody 8E6, increased binding to heparin, formation of multimeric species, and sulfhydryl rearrangement were all observed
upon treatment of vitronectin with a critical concentration of at
least 2–2.5 M urea. Response curves for each of these criteria
versus molar urea concentration were similar, although not
identical. Midpoints for the expression of altered properties
measured by Bittorf et al. (11) were generally observed at
concentrations between 2 and 3.5 M urea, whereas the midpoint
for disruption of the overall tertiary structure of vitronectin in
this work was observed at greater than 5 M urea. Part of the
disparity between the different experiments may be attributed
to the long unfolding times used in this work, as compared to a
2-h unfolding interval used by Bittorf and co-workers. However, the observation that altered immunoreactivity and a
tendency toward formation of multimers occur at lower concentrations of urea and shorter unfolding times than the more
generalized unfolding of the protein chain supports the notion
of a partially folded intermediate form of vitronectin which is
present at intermediate denaturant concentrations (see discussion to follow regarding Scheme 1).
Analytical ultracentrifugation clearly demonstrated that
self-association of vitronectin does not occur in the presence of
high concentrations of denaturant. It is not until the denaturant is removed by dialysis or dilution that self-association of
the protein is observed. Formation of multimers of vitronectin
has been previously demonstrated using either native polyacrylamide gel electrophoresis (11) or nonreducing SDS-polyacrylamide gel electrophoresis (12, 25, 26). Indeed, multimers
were observed in the gel systems because the urea was separated from the protein during the course of electrophoresis and
multimerization thus ensued in the electrophoretic buffer. The
ultracentrifugation result agrees with previous use of size exclusion chromatography on denatured vitronectin in urea,

Unfolding and Refolding of Vitronectin

SCHEME 1

which gave an average elution volume characteristic of monomeric protein (11). As opposed to the size exclusion method,
analytical ultracentrifugation allows for a rigorous determination of molecular weight under denaturing conditions since the
equation describing the equilibrium distribution does not depend on hydrodynamic volume of the sedimenting species.
From this analysis, it was established that the molecular
weight of the denatured protein is equivalent to that of the
vitronectin monomer.
Refolding curves exhibited hysteresis compared to unfolding
curves in both GdnHCl and urea, indicating that different
unfolding and refolding pathways were taken by vitronectin
and certainly indicating that vitronectin was refolding to a
structure distinct from the native fold of the protein. In striking
contrast to the native monomer, the multimeric form of
vitronectin can be unfolded with chemical denaturants and
subsequently refolded in a reversible fashion. Treatment of the
multimer with GdnHCl or urea dissociated it into constituent
monomeric subunits, with a minor percentage of disulfide
cross-linked species. Low concentrations of chemical denaturant were effective at dissociating the multimer into its constituent subunits; these concentrations of denaturant are lower
than those required to unfold the protein subunits, indicating
that the set of noncovalent interactions which contribute to the
binding energetics between subunits are weaker than the sum
of interactions that maintain the subunit in a compact folded
form. Disulfide cross-linking upon denaturation of vitronectin
has been previously observed to a variable extent (12). Since
disulfide rearrangement occurs upon urea treatment of
vitronectin, the covalent cross-linking between monomers
within the multimer must be considered a formal possibility.
Blocking of the available free sulfhydryls within native
vitronectin with N-ethylmaleimide was used to demonstrate
that multimers may form in the absence of intermolecular
disulfides (11). The ultracentrifugation results demonstrate
that any intermolecular disulfide bridging which occurs within
the multimer when free sulfhydryls are not blocked does not
substantially stabilize oligomers at higher levels than the
dimer. Although disulfides clearly do not form uniform covalent
bridges within the multimer, it is still possible that intramolecular disulfide rearrangement stabilizes an altered protein
with a high propensity to self-associate. The contribution of
disulfide rearrangement to the irreversible unfolding of
vitronectin is evaluated in an accompanying study (27).
Based on the observation that both chaotropic agents and a
basic peptide derived from the heparin-binding sequence located near the C terminus of vitronectin were effective at
promoting self-association of vitronectin, Stockmann and coworkers (25) have concluded that both ionic and hydrophobic
forces must be overcome to unfold vitronectin (25). In a similar vein, Hogasen and co-workers (12) propose that exposure
of the heparin-binding site and a putative hydrophobic region
on vitronectin are linked events as the protein unfolds, such
that in vitro polymerization is driven by hydrophobic interactions and the heparin-binding site remains exposed on the
surface of the multimer. In light of these speculations, it is
most interesting to compare the unfolding behavior of
vitronectin induced with GdnHCl and urea (Fig. 3). Although
the midpoints are quite different, equal to 3.2 and 5.9 M,

14331

respectively, this is not surprising since GdnHCl is known to
be a stronger denaturant. More unusual is the difference in
the transition slopes, with a much sharper transition observed in GdnHCl, which is a salt in addition to a chaotrope.
It is certainly envisioned that ionic and hydrophobic interactions make individual contributions to the overall folding of
vitronectin, and perhaps disruption of hydrophobic and ionic
interactions occur differently in the two chemical denaturants. The contribution of ionic interactions to folding of native and multimeric vitronectin is addressed in the accompanying article (27). Stockmann and co-workers (25) carry their
argument further to suggest that the heparin-binding sequence within vitronectin is involved in multimerization of
the protein, in spite of the fact that the multimer binds
heparin quite effectively so that this region could not reasonably be envisioned to lie at the interface between subunits.
This hypothesis is also considered in the following study (27).
From the perspective of protein folding, vitronectin has presented challenges as refolding of the protein is accompanied by
self-association. The hysteresis between unfolding and refolding curves for vitronectin, along with characterization of the
self-association process in this study, can be understood in
relation to Scheme 1 which describes folding equilibria for
vitronectin.
In the mechanism outlined in Scheme 1, V represents the
native, monomeric form of vitronectin, V* represents a partially
unfolded intermediate structure, and U represents the fully
unfolded monomer. The multimeric form of vitronectin is represented as Mv. This scheme is a minimal scheme, useful for
interpreting the in vitro folding studies to date, although a
more complicated mechanism is certainly possible. Loosening
of the structure to a partially unfolded form at intermediate
concentrations of denaturant results in an altered conformation of the protein which self-associates, with return to the
original native fold of the protein virtually prohibited. Partially
unfolded forms of vitronectin uniformly exhibit a propensity to
self-associate, a property which is observed in many other cases
of partially unfolded or “molten globule” forms of proteins with
hydrophobic surfaces exposed. Under near physiological buffer
conditions, unfolding/refolding of vitronectin is operationally
irreversible so that the alternative pathway leading toward the
multimeric form of the protein is highly favored. It thus appears that the form of vitronectin isolated as the native monomer is not the only stable fold, but rather represents one of at
least two stable forms of the protein. Folding of plasma
vitronectin, which occurs during synthesis and secretion from
the liver into the circulation, apparently proceeds via a pathway in which folding to a monomeric form is favored. Protein
folding within the cell differs from the in vitro refolding experiments, as it is assisted by molecular chaperones and targeted
to cellular compartments by signal sequences on protein substrates, so that a degree of regulation is possible in which
folding intermediates are prevented from or allowed to selfassociate.4 It appears that control of folding and self-association of vitronectin may be important for regulation in vivo since
vitronectin found in extravascular sites is generally in the
conformationally altered and multimeric form (24), and synthesis of vitronectin which occurs at extrahepatic sites (39) may
be differentially regulated to produce either the monomeric or
the multimeric form of the protein.
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